raphy, radioactivity in gel pieces was determined by scintillation counting. Approximately 1.5 x 108 of the 293 cells were centrifuged (JE-1OX rotor, Beckman J-6M) at 1200 rpm (pump speed, 80 m/min). The elutriation buffer (EB) was PBS containing 0.3 mM EDTA, fetal calf serum (1%), and glucose (0.1%). Cell fractions were collected in 500 ml by increasing the pump speed by 20 allowed to spread, actin mRNA relocalizes to the cell periphery in minutes (3). Maintenance of this localization was studied in cells that had completed spreading and had peripherally localized their actin mRNA. In order to correlate the spatial relation between actin message and cellular filaments, we visualized both simultaneously. A method was developed for detection of mRNA and specific proteins that preserved the intracellular location of the mRNA as well as the antigenicity of the protein (9). The three major filament systems-microtubules (MTs), intermediate filaments (IFs 
allowed to spread, actin mRNA relocalizes to the cell periphery in minutes (3) . Maintenance of this localization was studied in cells that had completed spreading and had peripherally localized their actin mRNA.
In order to correlate the spatial relation between actin message and cellular filaments, we visualized both simultaneously. A method was developed for detection of mRNA and specific proteins that preserved the intracellular location of the mRNA as well as the antigenicity of the protein (9) . The three major filament systems-microtubules (MTs) tTo whom correspondence should be addressed.
untranslated region ofbwcoid mRNA is necessary for its localization in the embryo (4) . Therefore, a mechanism exists in cells to transduce nucleic acid information into spatial information. It is likely that this mechanism involves cellular filament systems. Cytoplasmic motor proteins have been described that implicate both microtubules and actin filaments in intracellular transport (5) . Furthermore, evidence exists that a direct cytoskeletal interaction with mRNA (6) appears to be necessary for translation (7) . In Dictyostelium discoideum, the translation elongation factor EF-la was shown to be an actinbinding protein (8 and microfilaments (MFs)-are composed largely oftubulin, vimentin, and actin, respectively. Fluorescent detection of actin mRNA revealed a high concentration in the distal regions of cellular lamellae in the form of punctate fluorescence (Fig. 1) . Actin mRNA did not coincide with any of the filament systems, including MFs ( Fig. 1) , but was closely juxtaposed to the ruffling edges, regions devoid of ribosomes (10) that contain high concentrations offilamentous actin (MFs) (Fig. 1C ). Because actin, unlike tubulin and vimentin, is also present in the form of 6-nm filaments, which are not resolvable by light microscopy, it is possible that actin mRNA coincides with a subset of these actin filaments. Figure 1 shows that the sites of synthesis of actin do not coincide with the entire steady-state actin filament network but are found closely juxtaposed to regions ofthe cell undergoing actin polymerization. This approach revealed the gross distribution ofactin mRNA and cellular filaments but did not resolve their functional relation in terms of mRNA localization. In order to probe this interaction, we used the specific cytoskeletaldisrupting drugs Colcemid and cytochalasin D.
When fully spread cells (plated for 2 days) were exposed to Colcemid for 60 minm MTs depolymerized (Fig. 2, A and B) and IFs collapsed around the nuclei (Fig. 2 , C and D). However, actin mRNA was still localized in the peripheral regions of cells. MFs were unaffected by Colcemid, as judged by the presence of stress fibers and high concentrations of filamentous actin in the ruffling edges. Some cells acquired a stellate morphology as a result of Colcemid treatment with actin mRNA concentrated to the periphery of cellular projections (Fig. 2H) cytochalasin D (0.25 pug/ml) decreased by half (Fig. 3B ). Higher doses (10 pug/ml) resulted in more severe disruption, with the formation of short bundles of MFs (similar to those shown in Fig. 2F ), rather than normal stress fibers (Fig. 2E) and only 10 ± 6%, (n = 600) of the cells had actin mRNA peripherally localized. The remaining cells had a uniform distribution of actin mRNA (Fig. 2I ). These data demonstrate that actin mRNA can rapidly disperse throughout the cytoplasm after disruption of MFs and that maintenance ofperipheral actin mRNA localization does not require intact MTs or IFs.
Movement of actin mRNA to the cell periphery was studied in spreading cells. Cells were able to spread when plated in media that contained Colcemid (5 pug/ml) but were unable to generate a characteristic polarized morphology. MTs were not seen in these cells and a diffuse distribution of tubulin (similar to that shown in Fig. 2B ), as well as IFs that were collapsed around the nuclei, were observed (similar to those shown in Fig. 2D ). The polymerization of MFs was unaffected. Despite the disruption of two of the three major filament systems, actin mRNA was still localized to the cell periphery (Fig. 2K ) as in control cells (Fig. 2J) [48 + 19% (n = 600) cells plated in Colcemid for 180 min had actin mRNA peripherally localized, as compared to 48 _ 17% (n = 900) control cells] (Fig. 3C) . Furthermore, the kinetics of actin mRNA relocalization was similar to that observed for untreated cells (Fig. 3C) .
In contrast, cells plated in the presence of low doses of cytochalasin D (0.5 gg/ml) spread abnormally; often these cells extended thin sheets ofcytoplasm that resembled lamellae but lacked ruffling edges. MFs appeared as small clusters throughout the cytoplasm of these cells (Fig. 2F) (3) . The association of actin mRNAwith MFs is not unique to this message because vimentin and tubulin mRNAs are also associated with MFs (13) and the majority of polyadenylated mRNA is associated with MFs as well (14) . Furthermore, because actin mRNA continues to be sorted after inhibition of protein synthesis, this association with MFs is not related to an affinity of nascent actin polypeptides for MFs as a result of cotranslational assembly (3, 15 with monoclonal antibodies to a-and P-tubulin (Amersham) or vimentin (Boehringer Mannheim), followed by a fluorescein-conjugated goat antibody to mouse immunoglobulin G (IgG). MFs were visualized with either rhodamine-conjugated phalloidin (Molecular Probes) or a monoclonal antibody to rabbit skeletal actin (East-Acres Biologicals) in conjunction with a fluorescein-conjugated goat antibody to mouse IgG. In order to develop a protocol for the simultaneous staining of mRNA and protein, we optimized fixation and hybridization conditions for best labeling.
We achieved simultaneous visualization of protein and mRNA by performing in situ hybridization as described (2), followed by antibody detection of protein and mRNA. Actin antigenicity was not preserved through the hybridization, so we used an antibody to actin before hybridization. In this case, cells were first labeled with the antibody to actin, followed by the fluorescein-conjugated goat antibody to mouse IgG.
Cells were then fixed again in parafornaldehyde in PBS (4%, 5 min). After briefly washing the cells in PBS, we processed them for in situ hybridization as described, except that 50 ng of the actin cDNA probe was used 11. We determined the percentage of cells with localized actin mRNAby counting 300 cells inrandomly selected fields from at least two different experiments in which we used a x40 objective and bright-field optics. We scored cells as having localized actin mRNA if the mRNA was more concentrated over the distal regions of leading lamellae and filopodia than elsewhere in the cytoplasm. 12. We ascertained the percentage of actin mRNA associated with the cytoskeleton by extracting cells for 1 min in Triton X-100 at early and late stages of spreading. Actin mRNA associated with the cytoskeleton was determined by quantitative in situ hybridization with a 2P-labeled actin cDNA probe.
The actin mRNA signal in extracted cells was compared to that in unextracted cells after normalization for cell number. Cells were labeled with [3H]thymidine (1 gC/ml) for 24 hours. After correction for total RNA lost during the hybridization procedure
